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This paper gives an introduction to the nonlinear rheological behaviour of viscoelastic surfactant solutions and a quantitative description by a nonlinear constitutive equation, proposed by Hanswalter Giesekus. First, a brief overview of several nonlinear rheological properties of viscoelastic materials is given. The nonlinear Giesekus model and the viscoelastic surfactant solutions as a model system for rheological research are then introduced. The surfactant solutions are well understood in the regime of small deformations but the nonlinear properties of are not described systematically. Therefore, the present work seeks to investigate the non linear flow properties and make comparisons to the proposed material functions of the Giesekus model. Notably, a complete description of the linear and nonlinear properties is attained by keeping the model's free parameter constant [1] [2] [3] [4] . Further several empirically relations are automatically derived from the Giesekus model.
Rheological Properties
The investigation of rheological material functions is performed by using different types of mechanical experiments. These experiments, such as frequency sweep, steady state sweep and transient flow experi ment are summarised in Figure l .a through 1. c. As long as the applied stresses are small the rheo logical response function is of a linear character. This is defined by a linear relationship between stress and strain. The proposed material response is not a function of stress or shear rate. In this regime one finds a rheological behaviour as shown Figure l . d through l.f. Here the response can be described as Newtonian or by the Maxwell model as shown in the next section. The linear models hold in a small regime of the applied velocity gradient. Leaving this regime one will experimentally observe various nonlinear flow properties. In In Figure l .g through l.i some nonlinear response functions, such as stress overshoots, shear thinning and normal stresses, are complied. These non-Newtonian behaviours are of great practical interest and are intimately connected with orientation processes or structural changes that occur during flow. The obtained material response is no longer independent of the applied flow field. Therefore the relationship between observed stress and strain has a nonlinear character. To describe the obtained results a broad spectrum of nonlinear theoretical models have been introduced in the last 50 years. In the next chapter the linear Maxwell model and the nonlinear tO' Giesekus model are introduced. The Giesekus model is an astonishingly simple and powerful extension of the Maxwell model that uses a different way to describe the molecular drag coefficient [4] . In contrast to most constitutive equations it is able to predict the second normal stress difference. Because of just one additio nal parameter it is relatively simple to compare the model to experimental results.
Constitutive Equations
Rheological properties are described theoretically by constitutive equations [5 -8] . The main goal of constitutive equations is to define the relationship between the observed stress and an applied flow field or deformation. The constitutive equations therefore combine the macroscopic rheological picture with the microscopic stress acting on a particle or an ensemble of particles.
1 Linear Equation -Maxwell Typ e
One of the simplest model used to describe linear viscoelastic properties quantitatively is the Maxwell model. The desired material functions of the Maxwell element can be represented by the following linear differential equation 
Der Speichermodul G' (ffi) gibt die elastischen Eigen schaften wieder, wahrend der Verlustmodul G" (ffi) die viskosen Eigenschaften aufzeigt.
Nichtlineare Zustandsgleichung -Giesekus Typ
Durch Beschreibung der durchschnittlichen Anisotropie in der untersuchten Flussigkeit fuhrte Hanswalter Giesekus eine Erweiterung des beschriebenen Maxwell Modells ein, das auch nichtlineare Eigenschaften beschreiben kann [4] . [9] . In diesem Modell wird durch eine konfigurationsabhangige tensorielle Beweglichkeit der molekulare Strbmungswiderstand von stabchen fi:irmigen Aggregaten unter Stri:imung beschrieben. Das Maxwell Modell wird dafUr um einen quadratischen Schubspannungstensor 1, der die Nichtlinearitat des System beschreibt, und einem relativen Mobilitats tensor �. der die Nichtlinearitat steuert, erweitert.
Der relative Mobilitatstensor gibt die physikalische Anisotropie und somit auch die Orientierungseffekte
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Nonlinear Equation -Giesekus Typ e (2).
In an extended Maxwell model Hanswalter Giesekus introduced a powerful theory where an average anisotropy in the sample describes the nonlinear features of viscoelastic materials [4] . [9] . In this model the concept of configuration-dependent tensional mobility describes the molecular drag coefficient of the rodlike aggregates under shear. The Maxwell model is extended by both a quadratic stress tensor 1 to introduced the nonlinearity and a relative mobility tensor � to govern the nonlinearity.
The relative mobility tensor describes the physical anisotropic properties of the streaming solutions that becomes increasingly anisotropic with increas ing rate of shear. As consequence, the nonlinear response of the material is combined with orientation effects [1 0] . To consider flow induced alignment of anisometric aggregates Giesekus assumed a dimensionless mobility factor 0 ::; a ::; 1 that controls the relative mobility tensor [4] . [9] . [11] .
To obtain a more sophisticated description of the rheological properties of elastic fluids Giesekus gives a relation between the stress tensor 1 in the deformed structure and the configuration tensor C by 1 = G y = G (C -1 ). Together with the linear relationship between the relative mobility tensor and the configuration tensor by � = 1 + a (C -1) =
(1 + a) 1 + a C one obtains the following nonlinear constitutive equation
In Figure 2 . b the altered model is given by the additional mobility tensor that rules the anisotropic stress depending behaviour of the Maxwell model. [4] , [9] , [11] . Zur Beschreibung der rheologischen Eigenschaf ten einer elastischen Flussigkeit wird zudem eine Rela tion zwischen dem Schubspannungstensor 1: und dem Konfigurationstensor C mit 1: = G y = G (C -1) auf gestellt. Zusammen mit der Relation � = 1 + a (C -1) = (1 + a) 1 + a C zwischen dem relativen Mobilitats tensor und dem Konfigurationstensor laBt sich folgende nichtlineare Zustandsgleichung ausstellen 
Viscoelastic Surfactant Solutions
Surfactant molecules are built from a hydrophobic chain group and a hydrophilic head group. In Figure 3 such a amphiphilic molecule is shown schematically. Due to their molecular design surfactants tend to live at the interface between water and air or to build up micellar aggregates. Surfactant solutions for rheo logical studies are made by additional counterions that force the globular micelles to stretch and build up a transient network structure. In Figure 4 such a network is shown schematically. In analogy to poly mer systems these elongated micelles are strongly entangled and show the ideal behaviour of the Maxwell material in regime of small strains and polymer-like nonlinear flow properties in the regime of large velocity gradients [1] [2] [3] . Micelles are reversibly breakable and this has important consequences on the stress relaxation mechanism. The average life-time of a micelle is given by the break time A-B R E AK · In a modified reptation model by Michael Cates the motion of the chain-like "living polymers" is combined with the molecular kinetic processes in the micelle [7] , [13] . The motion or reptation of a micelle along an imaginary tube is characterised by the reptation time A-R E P · lri situations where the micelles are break ing within the time scale of observation and A-B R E AK << A-R E P • the macroscopic rheo logical properties are controlled by the mole cular kinetic and one obtains the typical relaxation behaviour · a :: wo r ------. .... .. ,
of the Maxwell model. The simple· correlation between the experimental results and the Maxwell model makes viscoelastic surfactant solutions as model systems for rheological research [14) , [15] . Because of the direct comparison available between experiment and the theory at small strains these solutions are used in this paper to investigate the complex nonlinear flow behaviour. The experimental results and a detailed discussion of nonlinear properties are given in the next section.
Results and Discussion
The rheological behaviour of viscoelastic surfactant solutions in the regime of high shear rates, of start-up flow and of cessation of flow is investigated. We pre sent the analytical description of nonlinear viscoelastic flow properties using the Giesekus model and a direct comparison to the experimental results from surfactant solutions. In addition several semiempirical relations, such as the Cox-Merz rule, the Yamamoto relation, and the GleiBie mirror relations are compared to the Giesekus model. These equations allow to give a relation between linear and nonlinear flow properties. In Figure 5 the different relationships are shown schematically. A detailed discussion of each technique is given in the corresponding experimental section. For all investigations solutions of cetyltrimethyl ammonium bromide-sodium salicylate (CTAB-NaSal) and cetylpyridinium chloride-sodium salicylate (CPyCI NaSal) were used.
1 Dynamic Shear Flow Experiments
A typical frequency sweep experiment of viscoelastic surfactant solutions is plotted in Figure 6 .a. In this case a monoexponential stress decay function is obtained. Therefore the experimental data can be described qualitatively as a linear Maxwell material according to Equation (2). The results generally follow the picture of the modified reptation model and show a rheological behaviour controlled by reversible micellar breakage.
Steady Shear Flow Experiments
From steady shear flow experiments as shown schematically in are compared in Figure 6 .b. A very good agreement between experimental results and the theoretical predictions is obtained using factor a = 0.5 according to Equation complex viscosity for equal values of shear rate and frequency. It suggests a relationship between linear and nonlinear viscoelastic properties [16] . The overlay procedure is shown in Figure 5 .a where a frequency sweep and a steady state sweep are compared.
Transient Flow ExperimentsStart-up Flow and Cessation of Flow Experiments
In the regime of linear flow properties, one observes a constant value of viscosity and a vanishing first normal stress difference. In the regime of nonlinear flow properties a complex behaviour is observed. Shear rate depending overshoots in the shear stress and normal stress are clearly observed. obtained from rate sweep experiments and the first normal stress coefficient obtained from the Yamamoto relation together with the theoretical predictions of the Giesekus model is shown in Figure 6 .b. The Yamamoto relation is used to obtain the normal stress coefficient from transient experiments after cessation of flow [9] . In Figure 5 .c the integral of the shear stress decay function is transferred to the corresponding value of the normal stress coefficient at an equal amount of shear rate in the steady shear flow experiment.
According to the modified reptation model one should obtain in the regime of high shear rates a similar picture of the kinetic controlled rheological properties. But the micellar breakage is now combined to the anisotropic dumbbell model proposed by Giesekus [4] . Even through these models are simple they have been help ful in elucidating the connection between molecular dynamics and nonlinear flow properties [1 0] , [18] . The Giesekus model introduced the anisotropic hydro dynamic drag and Brownian motion of the dumbbells. From a physical point of view the motion of the dumb bell is restricted by this anisotropy and the alignment of the individually micelles in flow direction is therefore much more controlled than without the anisotropy.
• I· 
Appl i ed Rheology Ap r i ll997
iiRh A detailed discussion about of the found anisotropy factor and its meaning is still subject of further investigations. Further the actual structural changes, such as the influence of the micellar breakage in the regime of very high shear rates are not yet incorporated to the model [19] . But nevertheless, a first step to obtain a deeper insight to the actual molecular properties of viscoelastic micelles under high shear rates is already taken.
Conclusion
An experimental review of the linear and the nonlinear flow properties of viscoelastic surfactant solutions is given. The experimental results are in a very good agreement with the theoretical predictions of the Giesekus model especially by adjusting the only free factor with a = 0.5. Further the Cox-Merz rule, the Yamamoto relation, and both GleiBie mirror relations are automatically derived from the Giesekus model. In the attained results a combination between the micellar breakage and the anisotropic motion of such aggregates in shear flow is given. Further investigations are under way to gives a deeper comprehension of fundamental rheological properties of these solutions.
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